The aim of this study was to determine how different membrane-permeable and -impermeable cryoprotective agents modulate tolerance of stallion sperm to osmotic stress and stabilize membranes during cryopreservation. Special emphasis was on hydroxyl ethylene starch (HES), which exposes cells to minimal osmotic stress due to its large molecular weight. Percentages of motile sperm post-thaw were found to be similar when glycerol, sucrose, and HES were used at their optimal concentrations. Percentages of plasma membrane intact sperm after return to isotonic medium were highest for HES. Fourier transform infrared spectroscopy studies were carried out to study subzero membrane phase and permeability behavior. Cryoprotectants were shown to decrease the initial rate of membrane dehydration during freezing, decrease the activation energy for water transport, and increase the total extent of freezing-induced dehydration. Freezing studies with liposomes as a model system showed that only the membrane-permeable cryoprotective agents glycerol and ethylene glycol protected membranes against leakage, whereas egg yolk, sucrose, and HES did not. Differential scanning calorimetry studies showed that sucrose and HES raise the glass transition temperature of the freezing extender and the difference in heat capacity associated with the glass transition. This indicates that these compounds enable formation of a stable glassy matrix at higher subzero temperatures. Sperm cryosurvival rates can be increased by combining different cryoprotectants with different protective functions; membrane permeable cryoprotective agents stabilize membranes and modulate the rate of cellular dehydration, whereas di-and polysaccharides increase the glass transition temperature and facilitate storage and handling at higher subzero temperatures.
INTRODUCTION
Freezing extenders for cryopreservation of stallion sperm typically include skim milk, egg yolk (EY), and glycerol (GLY) as cryoprotective agents. In addition, other permeating agents like ethylene glycol (EG) and dimethyl formamide (DMF) or nonpermeating disaccharides such as sucrose (SUC) and trehalose are used [1, 2] . The underlying mechanisms of the ways in which cryoprotective agents protect sperm during freezing and thawing, however, are largely unknown. They likely play a role in minimizing exposure to osmotic stress [3, 4] , stabilizing biomolecules and cellular structures [5] [6] [7] , and limiting the damaging effects of reactive oxygen species [8] .
During cryopreservation, sperm are exposed to severe osmotic stress. This occurs with addition and removal of cryoprotective agents, as well as during freezing and thawing [9, 10] . Upon extracellular ice formation, sperm are exposed to hypertonic conditions because the solute concentration in the extracellular unfrozen fraction increases. This causes movement of water out of the cell and dehydration, in order to retain equilibrium between the intra-and extracellular solute concentrations. During thawing, the reverse process takes place, and sperm are exposed to hypotonic conditions [11] . Swelling of sperm due to water uptake upon hypotonic stress is more detrimental than shrinkage upon hypertonic stress, especially after cryopreservation because of the presence of increased amounts of reactive oxygen species [12, 13] .
The ability of sperm to survive exposure to low temperatures depends largely on membrane hydraulic permeability properties [11, 14, 15] and on the ability to cope with temperature-induced membrane phase changes and domain reorganizations [16] [17] [18] . Stallion sperm exhibit a main lipid phase transition in the 108C-308C temperature range [19] . Passage through such a transition during cooling and warming coincides with increased fluxes of ions and decreased viability [17] . Freezing induces even larger changes in the membrane phase state, with membranes rearranging in a tightly packed gel phase due to the removal of the bound water surrounding the phospholipid head groups [20, 21] . The latter increases the activation energy for water transport through membranes at subzero temperatures [22] . Permeating cryoprotectants such as GLY and dimethyl sulfoxide (DMSO) increase membrane permeability to water, allowing cells to continue to dehydrate further at low subzero temperatures and avoid intracellular ice formation [23] .
The preferential exclusion theory explains the stabilizing effects of cryoprotective agents on proteins by preferential interaction between water and proteins. Cryoprotectants being excluded from interactions with the protein surface stabilize the native conformation [24] [25] [26] . The water replacement hypothesis postulates that protectants can replace water and interact with phospholipids and other biomolecules through hydrogen bonding [26] [27] [28] .
During freezing of a sample in a solution containing protectants, an ice phase is formed leaving a freeze-concentrated solution of residual water, protectants, and salts. The freezeconcentrated solution forms a glassy state below a characteristic temperature referred to as T g '. T g ' is the glass transition temperature of a maximally freeze-concentrated solution. Water enters into a glassy state below À1108C. Molecular reactions are slowed in this highly viscous glassy state, which functions as a matrix in which biomolecular and cellular structures are embedded and preserved [29, 30] . The T g ' of sugars and polysaccharides like hydroxyl ethylene starch (HES) is relatively high compared to that of GLY [31] . In addition, ice crystal formation, viscosity, and glassy state properties are affected by the type of protectants used. Increasing the glass transition temperature of freezing formulations to higher subzero temperatures could be beneficial for handling of cryopreserved samples under suboptimal conditions [26, 32, 33] .
The aim of this study was to determine osmotic stress and temperature-induced membrane phase changes to which stallion sperm are exposed during cryopreservation and the effects of various freezing extender components to elucidate their mechanisms of protection. Membrane-permeable (GLY, EG, DMF) as well as membrane-impermeable (SUC, HES) compounds of various molecular weights were tested. Special emphasis was placed on testing the use of HES, which is a compound that has been used for cryopreservation of other cell types including red blood cells. HES has good glass-forming properties and exposes the cells to minimal osmotic stress due to its large molecular weight [34] . The cryoprotective agents were tested alone and in combinations. Pre-and post-freeze sperm motility and plasma membrane integrity were determined as measures for cryosurvival and osmotic tolerance. Fourier transform infrared spectroscopy was used to determine effects of cryoprotectants on subzero membrane phase behavior and hydraulic permeability parameters. In addition, liposomes with trapped fluorescent dye were used as a model system to asses the ability of cryoprotectants to stabilize membranes and prevent leakage during freezing and thawing. Differential scanning calorimetry was used to determine glass forming properties of the freezing extenders.
MATERIALS AND METHODS

Semen Collection and Processing
Semen was collected from stallions of the Hanoverian warmblood breed (ages 3-20 years) that were held at the Unit for Reproductive Medicine of the University of Veterinary Medicine Hannover and at the National Stud of Lower Saxony in Celle, Germany. Stallions were held in box stalls bedded with straw, fed oats and hay three times a day, and water was freely available according to national regulations and institutional animal care and use protocols. Samples used for the studies were aliquots from routine semen collections performed for the commercial artificial insemination program of the stud. All procedures described here have been reviewed and approved by the ethical committees of both the University and the Stud. Semen was collected every other day by using an artificial vagina (Hanover model; Minitüb, Tiefenbach, Germany) and a breeding phantom. Ejaculate was filtered to remove the gel portion, after which volume, sperm concentration, and motility were evaluated. Directly after collection, semen was diluted with skim milk extender (INRA82) [35] Diluted semen was centrifuged for 10 min at 600 3 g, and the supernatant containing the seminal plasma was removed. The sperm concentration in the resuspended pellet was determined using a Neubauer counting chamber (Kisker, Steinfurt, Germany), and fresh INRA82 was added to a dilution of 100 3 10 6 cells ml À1 .
Cryopreservation Using Various Cryoprotectants
Survival after freezing and thawing with various cryoprotectants was tested on 2 ejaculates from six stallions, resulting in 12 ejaculates in total. First, the effects of increasing cryoprotectant concentrations (seven concentrations) were tested in parallel on the same ejaculate. Second, freezing extenders of different compositions (eight freezing formulations) were tested in parallel on the same ejaculate. Cryopreservation was carried out as described previously [36] , with modifications as described below. Various concentrations of GLY, EG, SUC (Sigma-Aldrich, St. Louis, MO), and HES of 70 000 Da (Leopold, Graz, Austria) were tested as cryoprotectants. INRA82 supplemented with twofold the cryoprotectant concentration was added by drops to an equal volume of diluted semen prepared as described above, resulting in 50 3 10 6 cells ml À1 and the desired final concentrations of cryoprotectants. For cryopreservation with EY, a 2% final concentration was used. Solutions of INRA82 supplemented with different cryoprotectants were prepared as batches and divided into aliquots that were frozen for use on the different days the cryopreservation studies were done. Samples were cooled from room temperature to 58C over a period of 2-3 h, at approximately 0.18C min À1 . This cooling was done using a beaker with room temperature water in a cooled handling cabinet at 58C. Straws of 0.5 ml were filled, while maintaining the samples at 58C, after which they were cooled to À1408C at 608C min À1 by using a controlled rate freezer (Minidigitcool; IMV-Technologies, L'Aigle, France), after which they were plunged into liquid nitrogen and stored for at least 1 day. Straws were thawed was in a water bath of 378C for 30 s, and the sperm sample was analyzed within 15 min.
Computer-Assisted Sperm Analysis of Motility and Viability
Computer-assisted sperm analysis (CASA; Spermvision; Minitüb) was used for assessment of motility characteristics and viability. This setup included a fluorescence microscope and two separate cameras for assessment of motility (60 frames/s) and viability (7.5 frames/s). Double staining using SYBR-14 and propidium iodide (PI) was used to discriminate between sperm with intact plasma membranes and damaged sperm. All plasma membranes are permeable to SYBR-14, which fluoresces green upon binding to DNA. PI can enter only those sperm with damaged plasma membranes and fluoresces red upon replacing SYBR-14. Sperm are considered viable when they have intact plasma membranes (PI-negative/SYBR-14-positive). Software was set according to the instructions provided by the manufacturer. Percentages of motile and viable sperm were calculated as mean values from counts of six microscopic fields.
Fifty microliters of diluted semen (50 3 10 6 cells ml À1 in freezing extender) were stained with 1 ll of 188 lM PI (Sigma-Aldrich) and 0.65 ll of 10 lM SYBR-14 in DMSO (Molecular Probes, Eugene, OR). This resulted in final concentrations of 3.75 lM PI and 130 nM SYBR-14. Samples were incubated in darkness for 5 min at room temperature, followed by 5 min at 378C. Three microliters were added to a chamber of a Leja 20-lm four-chamber slide (Leja Products BV, Nieuw Vennep, The Netherlands), and motility and viability were assessed as described above while maintaining the sample at 378C.
Flow Cytometric Assessment of Plasma Membrane Integrity
Plasma membrane integrity was also determined using flow cytometric analysis of PI/SYBR-14-stained sperm. In contrast with the CASA measurements, which were performed while sperm were maintained in freezing extender, flow cytometric measurements were done after dilution in HEPESbuffered saline (HBS) solution of 300 mOsm kg À1 (20 mM HEPES, pH 7.4, 137 mM NaCl, 10 mM glucose, 2.5 mM KOH). The flow cytometer (FCM; Cell Lab Quanta SC MPL; Beckman-Coulter, Fullerton, CA) was equipped with a 488-nm argon ion laser of 22 mW for excitation, and a band pass of 525/ 30 nm and a long pass 670-nm filter for selecting green and red fluorescence, respectively. HBS was used as sheath fluid. For flow cytometric analysis, 5 ll of sperm sample (50 3 10 6 cells ml À1 ) was diluted in 492 ll of HBS with 2 ll of 0.75 lM PI and 1 ll of 0.5 lM SYBR-14. This resulted in 0.5 3 10 6 cells ml À1 with 3 lM PI and 1 nM SYBR-14. Samples were incubated in darkness for 10 min at room temperature. A minimum of 5000 sperm were measured, which were selected based on their side scatter and electronic volume properties. A sheath fluid rate of approximately 30 llÁmin À1 was used, resulting in 200-500 counts per second.
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Fourier Transform Infrared Spectroscopy Studies
Fourier transform infrared (FTIR) studies were done using two ejaculates from three stallions, which were used for testing 9-15 different nucleation temperatures to construct Arrhenius plots for each formulation (9 formulations in total). For FTIR measurements, semen was diluted with INRA82 directly after collection. An equal volume of INRA82 supplemented with cryoprotective agent was added, resulting in final concentrations of 343 or 700 mM. This corresponds to 2.5% and 5.0% (v/v) GLY, 1.9% and 3.8% (v/v) EG, and 7.5% and 15.0% (w/v) SUC. HES was used at a concentration of 7.5% (w/v). In addition, 700 mM or 5.1% (v/v) DMF (Sigma-Aldrich) was tested. Prior to measurements, sperm pellets were collected from 3 ml of diluted semen by centrifugation (5 min at 1400 3 g). Approximately 20 ll of hydrated pellet was sandwiched between two CaF 2 windows.
Infrared absorption measurements were carried out as described in detail previously [20] , using a model 100 FTIR spectrometer (Perkin-Elmer, Norwalk, CT) equipped with a liquid nitrogen-cooled mercury-cadmiumtelluride detector. The optical bench was continuously purged with dry air from an FTIR purge gas generator (Whatman, Clifton, NJ). Acquisition parameters were 4 cm À1 resolution, 8 co-added interferograms, 4000-900 cm À1 wave number range. A variable temperature sample holder was used with a heater device (Harrick Scientific Products, Pleasantville, NY) and pump system for using liquid nitrogen as a coolant (Linkam Scientific Instruments, Tadworth, Surrey, U.K.). The sample temperature was monitored using a thermocouple (Fluke, Everett, WA). Samples were equilibrated at 208C, after which they were cooled to À408C at a cooling rate of 18C min
À1
, while spectra were acquired every 20 s. Ice nucleation was induced at various temperatures by touching the sample edge with a copper wire that was cooled using liquid nitrogen. Spectra were displayed and analyzed using Perkin-Elmer and Omnic software (ThermoNicolet, Madison, WI).
Changes in membrane conformational disorder and freezing-induced membrane dehydration were determined from the position of the CH 2 symmetric stretching band at approximately 2850 cm À1 (mCH 2 ). Ice formation was monitored by following the area of the H 2 O libration and bending combination band at approximately 2200 cm À1 (AmH 2 O). Changes in the band position and area were plotted as a function of the sample temperature for different ice nucleation temperatures. The slope of the freezing-induced membrane phase transition was determined from which the membrane dehydration rate was calculated by multiplying with the cooling rate. Arrhenius plots were constructed by plotting the logarithm of the freezing-induced membrane dehydration rate as a function of the inverse of the ice nucleation temperature. The activation energy (E a ) was calculated from the slope (ÀE a /R, where R is the gas constant) of the Arrhenius plot, as described in detail elsewhere [20, 21] .
Subzero Membrane Hydraulic Permeability Parameters
The water transport model describes the cooling-induced decrease in cell volume [37] [38] [39] and has been modified to incorporate the effects of cryoprotectants on the volume response [40, 41] . This is described by the following equation:
The permeability of the plasma membrane to water is defined by an Arrhenius relationship:
Parameters and variables for equations (1) and (2) are summarized in table 1. Dimensions of stallion sperm were taken from the study by Devireddy et al. [41] . Methods to derive membrane hydraulic permeability parameters from freezing-induced membrane phase behavior data determined by FTIR are described in detail elsewhere [21, 22] . It is assumed that the freezing-induced shift in mCH 2 is proportional to the reduction in cellular volume that occurs due to water transport out of the cell in response to cooling. For different ice nucleation temperatures, mCH 2 versus temperature plots were constructed that were corrected for the thermotropic effect on the band position. The shift in mCH 2 (DmCH 2 ) was scaled such that it represented the isotonic volume (V o ) just before freezing-induced dehydration, and the maximum DmCH 2 obtained at the highest nucleation temperature corresponded to the osmotically inactive volume (V b ). From such plots, cooling-induced dehydration (dV/dT) was derived and was used to calculate the membrane hydraulic permeability (Lp) using equation (1) . The activation energy for subzero water transport (E Lp ) and membrane hydraulic permeability at 08C (Lpg) were derived from Arrhenius plots in which the natural logarithm of Lp was plotted as a function of the inverse of the nucleation temperature, as described in equation (2) .
Fluorometric Measurements of Carboxyfluorescence Leakage from Liposomes
Carboxyfluorescein (CF) retention studies using liposomes were performed as described in detail elsewhere [26, 42] , with minor modifications. Liposomes with trapped CF were prepared by extrusion of a solution containing 20 mgÁml À1 egg phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL), 1 mM HEPES, pH 7.5, and 100 mM CF (Molecular Probes) through 100-nm filters (Whatman), using a mini-extruder (Avanti Polar Lipids). The CF used was purified by passage through a lipophilic Sephadex LH20 (Sigma-Aldrich) gel filtration column. CF-containing liposomes were separated from free CF as present in the solution in which they were prepared via passage through a Sephadex G50 (Sigma-Aldrich) gel filtration column, using 1 mM HEPES, pH 7.5, as running buffer. For each freezing formulation, CF retention was determined for six samples that were subjected to freezing and thawing, using at least two different batches of CF-containing liposomes. 
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In the bottom of a microtube, 10 ll of the solution containing CF-loaded liposomes was mixed with an equal volume of solution with twofold the final concentration of cryoprotectants, and samples were equilibrated for at least 10 min. Freezing was done by plunging closed tubes in liquid nitrogen, which resulted in a cooling rate of approximately 3008C min À1 . Thawing was done at room temperature. After thawing, 3 ml of 1 mM HEPES, pH 7.5, was added, and CF fluorescence was determined. CF fluorescence was quenched at high concentrations as initially present inside the vesicles and increased when leakage through liposomal membranes resulted in dilution of CF in the medium. Triton X-100 (0.02% final concentration; 60 ll of a 1% solution in a final volume of 3 ml) was added to determine CF fluorescence after maximal leakage. For fluorescence measurements, a model LS55 spectrofluorometer (Perkin-Elmer) was used, with excitation and emission wavelengths set at 460/ 10 nm and 550/10 nm, respectively. The percentage of retention of CF inside liposomes after freezing and thawing was calculated as follows:
by comparing CF fluorescence after freezing and thawing of the liposomes (F A , F B ) with that prior to freezing (F a , F b ), both before (suffix A or a) and after (suffix B or b) addition of Triton X-100.
Differential Scanning Calorimetry Studies
Glass transitions were measured using a 204 F1 Phoenix model differential scanning calorimeter (Netzsch-Gerätebau GmbH, Selb, Germany). Approximately 10 ll of skim milk-based freezing extender supplemented with cryoprotective agents was transferred into an aluminum differential scanning calorimetry (DSC) sample pan, and the weight was determined. Samples were cooled to À1408C and heated to 208C with 108C min À1 while the heat flow was monitored. Netzsch software was used to determine onset and midpoint temperature as well as the difference in heat capacity (DC p ) of the glass transitions. The glass transition temperature of the maximally freezeconcentrated solution is referred to as T g '.
Statistical Analysis
Statistical analysis was done using SAS software (SAS Institute, Cary, NC). All data were included in a descriptive analysis. The Kolmogorov-Smirnov test was used to test model residues for normal distribution. In case of normal distribution, data were presented as means with standard deviations. Box-andwhisker plots were constructed to illustrate non-normal distribution of the data (with median, 5%, 25%, 75%, and 95% percentiles). Figures were prepared using Sigmaplot software (Systat Software Inc., San Jose, CA). Cryopreservation studies were done with 12 ejaculates (2 ejaculates from each of six stallions), as described in detail above. The effects of increasing cryoprotectant concentrations and comparisons in cryosurvival among different freezing extender compounds at their optimal concentrations were made with split ejaculates.
In order to assess statistically significant differences in cryosurvival among the eight different freezing extenders composed of combinations of different cryoprotectants at their optimal concentrations, averages from 2 ejaculates for each of six stallions were calculated. A nonparametric one-way analysis for repeated measurements was performed, using permutation tests for ''randomized complete block designs'' (RCBD) and post hoc Sidak multiple pairwise tests. As a permutation test, the macro ''RIBDPERM.MAC'' [43] was used. Differences were taken to be statistically significant when the P value was ,0.05.
RESULTS
Membrane Permeability and Osmotic Activity of Cryoprotectants Affect Osmotic Tolerance Limits
Survival of stallion sperm upon addition of increasing concentrations of different cryoprotectants and subsequent
FIG. 1. Percentages of motile and plasma membrane intact sperm determined before (A-C) and after (D-F) cryopreservation. Semen was diluted with skim milk extender (INRA82)
supplemented with increasing concentrations of GLY, EG, or SUC. Sperm was stained using a PI/SYBR-14 double labeling to discriminate between plasma membrane-damaged and intact sperm (viable, PI-negative/SYBR-14-positive). Motility and membrane integrity were assessed in freezing extender using CASA (A, B, D, and E), and membrane integrity was assessed after dilution in isotonic buffer by FCM analysis (C and F). Seven different concentrations of a particular cryoprotectant were tested in parallel with the same ejaculate for 12 ejaculates in total (2 ejaculates from six stallions). Data are averages 6 SD (n ¼ 12).
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return to isotonic conditions is presented in Figures 1 and 2 , A-C. Semen diluted in skim milk extender exhibited approximately 65% motile sperm and 70%-75% plasma membrane intact sperm. When sperm was suspended in extenders supplemented with increasing concentrations of GLY or EG, plasma membrane integrity was not affected using concentrations up to 1300 mM, whereas motility gradually decreased to 45%. When the initial concentration of GLY or EG in the extender exceeded 700 mM, plasma membrane integrity decreased upon return to isotonic conditions. Sperm suspended in extender with 1300 mM GLY showed a lower viability after dilution in isotonic buffer than samples supplemented with a similar concentration of EG (36% versus 51% plasma membrane intact sperm). Membranes have a higher permeability to EG than to GLY [15, 44] . Motility sharply decreased with increasing concentrations of the membrane-impermeable SUC and abolished at 343 mM (12%) SUC. The percentage of plasma membrane intact sperm was unaffected when sperm was maintained in extender with SUC concentrations as high as 343 mM. Upon dilution in isotonic medium, however, plasma membrane integrity decreased with increasing initial SUC concentrations in the extender. HES is also membraneimpermeable but is osmotically inactive (addition of HES resulted in a negligible increase in the osmolarity of the medium) because of its large molecular weight. Motility and plasma membrane integrity were not affected upon addition of up to 10% HES. Moreover, percentages of plasma membrane intact sperm remained the same upon dilution in isotonic buffer, regardless of the initial HES concentration used.
Optimum Cryoprotectant Concentrations for Cryosurvival
Cryosurvival typically increased with increasing cryoprotectant concentrations and reached an optimum (Figs. 1 and 2 , D-F). Post-thaw motility and membrane integrity in freezing extender were highest with 550 mM GLY or EG (4% and 3%, respectively), with slightly lower cryosurvival rates for EG. In the case of SUC, 75 mM resulted in the highest post-thaw motility. The percentage of plasma membrane intact sperm in freezing extender reached a plateau at 75 mM and remained at this level for concentrations of up to 343 mM SUC. Dilution in isotonic buffer, however, resulted in decreased percentages of plasma membrane intact sperm compared to sperm maintained in freezing extender, indicating that exposure to post-thaw hypotonic stress decreased sperm survival. This was not observed with HES. The maximum cryosurvival obtained with SUC was similar to that obtained with GLY, namely 25% progressively motile sperm in both cases. Post-thaw motility increased with increasing percentages of HES, reaching 20% with 10% HES.
Initial experiments shown in Figures 1 and 2 were done in the absence of EY. Freezing extenders for cryopreservation of sperm, however, generally include EY. Figure 3 shows that addition of 2% EY increased cryosurvival in all cases tested. Post-thaw motility with 2.5% (343 mM) GLY increased from 32% to 36% in the absence and presence of EY, respectively. Combining 2.5% GLY and 7.5% HES also resulted in increased cryosurvival compared to that using either of these compounds separately, with motility rates only slightly lower
Percentages of motile and plasma membrane intact sperm determined before (A-C) and after (D-F) cryopreservation. Semen was diluted with skim milk extender (INRA82) supplemented with increasing concentrations of SUC or HES. Sperm was stained using a PI/SYBR-14 double labeling to discriminate between plasma membrane-damaged and intact sperm (viable, PI-negative/SYBR-14-positive). Motility and membrane integrity were assessed in freezing extender using CASA (A, B, D, and E), and membrane integrity was assessed after dilution in isotonic buffer via FCM analysis (C and F). Seven different concentrations of a particular cryoprotectant were tested in parallel with the same ejaculate for 12 ejaculates in total (2 ejaculates from six stallions). Data are averages 6 SD (n ¼ 12).
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than those observed using the combination of EY and GLY. The combination of GLY, HES, and EY resulted in post-thaw percentages of motile sperm similar to those from the combination of GLY and EY. It should be noted, however, that HES increased the viscosity of the medium in which the motility measurements were done. The percentage of plasma membrane intact sperm increased with addition of HES, both in the absence and presence of EY. The percentage of plasma membrane intact sperm increased from 55% to 69% for samples that remained in freezing extender, whereas percentages prior to freezing were similar (data not shown). Moreover, the post-thaw percentage of membrane intact sperm after dilution in isotonic buffer using GLY and EY increased from 37% to 48% in the absence or presence of HES, respectively.
FIG. 3.
Post-freeze percentages of motile and plasma membrane intact sperm determined in freezing extender by using CASA (A and B) and plasma membrane integrity after dilution in isotonic buffer as determined using FCM (C). Sperm was cryopreserved using skim milk extender (INRA82) supplemented with or without 2% EY, 2.5% GLY, or 7.5% HES, or combinations of those. Sperm were stained using a PI/SYBR-14 double labeling to discriminate between plasma membrane damaged and intact sperm (viable, PI-negative/SYBR-14-positive). The eight different freezing extenders were tested in parallel with the same ejaculate for 12 ejaculates in total (2 ejaculates from six stallions). Box-and-whisker plots illustrate distribution of the data (n ¼ 12). Median and mean values are indicated with black and gray lines, respectively. Upper and lower lines of the boxes represent the 25% and 75% percentiles, respectively, while the upper and lower whiskers represent the 5% and 95% percentiles, respectively. *Statistically significant differences in motility or membrane integrity percentages among freezing extenders (P , 0.05).
FIG. 4.
Representative membrane phase behavior curves as measured during cooling of stallion sperm in skim milk extender supplemented with various cryoprotectants. Sperm pellets were cooled from 208C to À408C at 18C min
À1
, while ice nucleation occurred at À58C in all cases. From FTIR spectra collected during cooling, the band position of the symmetric CH 2 stretching vibration band arising from endogenous lipids was determined, and the relative shift in the position of this band (DmCH 2 ) was plotted as a function of the sample temperature. (A) Effect of increasing concentrations of GLY (343 and 700 mM GLY) compared to that of skim milk extender without supplements (INRA82). (B) Effects of similar concentrations (700 mM) of permeating compounds that have increasing permeability coefficients (GLY; EG; DMF). (C) Effect of similar concentrations (7.5%) of SUC and HES, to which membranes are nonpermeable and which are osmotically active and inactive, respectively.
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Effects of Cryoprotective Agents on Subzero Membrane Phase Behavior of Stallion Sperm
Membrane phase behavior of stallion sperm during cooling was studied using FTIR. Figure 4 shows the change in band position of the symmetric CH 2 stretching vibration band arising from endogenous lipids during cooling in the presence of various cryoprotectants while ice nucleation was initiated at the same temperature (À58C). Cells frozen in the presence of GLY exhibited a greater extent of membrane dehydration than cells frozen in skim milk extender alone (greater DmCH 2 at À308C). Moreover, the rate of freezing-induced membrane dehydration, which can be expressed as the slope (dmCH 2 /dT) at ice nucleation, decreased with increasing GLY concentration (Fig.  4A) . EG and DMF, to which membranes have higher permeability than GLY, also decreased the initial dehydration , while ice nucleation was initiated at various temperatures, as determined by using FTIR. The shift in the position of the symmetric CH 2 stretching vibration band was determined and plotted versus the sample temperature. Figures show freezing-induced membrane phase behavior in the presence of skim milk extender (INRA82) (A), as well as skim milk extender supplemented with 2.5% GLY (B) or 5% GLY (C); 7.5% HES (D); 1.9% EG (E) and 3.8% EG (F); 7.5% SUC (G) or 15% SUC ( H); or 5.1% DMF (I). From the membrane dehydration rate at ice nucleation, activation energies were determined that describe the temperature dependence of the rate of cell membrane dehydration or water transport (E a , E Lp ) at subzero temperatures. A range of nine to fifteen mCH 2 -versus-temperature plots with different nucleation temperatures were used to construct Arrhenius plots by using two ejaculates from three stallions. Data were fitted using a linear regression line to derive activation energies (activation energies and regression coefficients are indicated in the panels).
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rate upon ice formation. However, the extent of membrane dehydration when measured at the same subzero temperature was less than for GLY (Fig. 4B) . The presence of HES in skim milk extender did not affect membrane dehydration during freezing compared to skim milk extender alone. SUC, however, tended to increase membrane dehydration (Fig. 4C) . Figure 5 shows the effects of different cryoprotective agents as well as different ice nucleation temperatures on subzero membrane phase behavior. The rate of membrane dehydration decreased with decreasing nucleation temperature and therewith the total extent of membrane dehydration at À308C. According to the subzero water transport model described above, maximum cellular dehydration is assumed to correspond to the osmotically inactive volume, which is a constant value. However, when we compared DmCH 2 at À308C, it was observed that the extent of membrane dehydration was less when sperm was frozen with DMF than with GLY at the same concentration. Freezing-induced membrane dehydration occurred more gradually in the presence of cryoprotective agents, which implies that cryoprotectants facilitate continued dehydration to lower subzero temperatures. This is particularly evident with permeating cryoprotectants and to a lesser extent with SUC but not with HES. E a is directly derived from the nucleation temperature dependence of the membrane phase behavior data, whereas E Lp is derived after volume scaling of the membrane phase behavior. Both E a and E Lp decreased in the presence of (high concentrations of) cryoprotective agents.
Subzero Water Transport Parameters
Ability of Cryoprotectants to Stabilize Liposomal Membranes During Freezing and Thawing
Liposomes with trapped CF were used as a model system to test the effectiveness of cryoprotective agents in stabilizing liposomal membranes and preventing leakage during freezing and thawing (Fig. 6) . CF retention after freezing and thawing increased with increasing GLY concentrations and reached an optimum at 250 mM. Other permeating agents like EG and DMSO showed similar effects (data not shown). SUC neither positively nor negatively affected CF retention after freezing and thawing, whereas HES decreased CF retention. This is most likely the result of phase separation between HES and liposomes causing fusion of liposomes [32] . Combining GLY and HES did prevent leakage upon freezing and thawing of liposomes. When liposomes were frozen in skim milk extender supplemented with increasing concentrations of EY, CF retention was unaffected. EY in water, however, without skim milk components destabilized liposomes compared to liposomes that were frozen in water alone.
Glassy State Properties of Freezing Extenders Composed of Various Cryoprotectants
Glass-forming properties of the freezing extenders were determined using DSC (Fig. 7) . In all cases, a glass transition was observed with an onset temperature of À1108C. This reflects the glass transition of water, below which water enters the glassy state. In addition, a second-order phase transition was observed at higher temperatures representing the glass transition of the maximally freeze-concentrated solution (T g '). This glass transition was dependent on the composition of the freezing extender and took place between À558C and À308C. Skim milk extender exhibited a T g ' at an onset temperature of approximately À398C, regardless of the absence or presence of 2% EY, whereas addition of 2.5% GLY decreased T g ' to approximately À558C, and 7.5% HES increased T g ' to À288C. Moreover, the glass transition with HES exhibited a greater change in heat capacity upon melting of the glass (DC p ) than the other cryoprotective agents. Also, skim milk supplemented with 75 mM SUC showed an increased DC p , whereas T g ' was similar to that of skim milk extender alone. Skim milk supplemented with the combination of GLY and HES exhibited higher T g ' and higher DC p than when HES was left out (À428C versus À558C and 0.242 versus 0.071 JÁgÁK À1 ). The DC p has previously been shown to correlate with the strength of the hydrogen bonding network in the glassy state [45] .
DISCUSSION
In this work, we have studied how different membranepermeable and -impermeable cryoprotectants modulate tolerance to osmotic stress and stabilize cells and membranes during OLDENHOF ET AL. cryopreservation of stallion sperm. We show that membrane permeable cryoprotectants like GLY and EG enable cells to respond osmotically over a greater subzero temperature and concentration range. This ability decreases the incidence of damaging intracellular ice formation and increases survival and stability after dilution to isotonic conditions as occurs with insemination. Furthermore, these membrane-permeable cryoprotective agents likely play a role in stabilization of membranes during freezing and thawing and prevent leakage of cytoplasmic compounds. The membrane-impermeable disaccharide SUC and the polysaccharide HES increase the glass transition temperature of the freezing extender and the difference in heat capacity associated with the glass transition. As a consequence, a more stable glassy matrix is formed in which cells can be preserved at higher subzero temperatures. A more stable glassy state also facilitates handling at suboptimal conditions (i.e., during processing and transport). In contrast with SUC, HES does not increase the osmolality of the medium.
Cells can compensate for volume changes more rapidly when exposed to permeating cryoprotectants that can cross cellular membranes more quickly [2, 15] . We have previously shown that various membrane-permeable cryoprotectants (GLY, EG, DMF) display an optimum concentration at which freezing survival is maximal and highest cryosurvival rates with GLY [4] . At higher concentrations, cryoprotective agents are toxic [25] . Here we found that post-thaw motility percentages of stallion sperm cryopreserved using GLY, SUC, or HES were similar when used at their optimal concentrations. Survival rates after freezing and thawing obtained here are in good agreement with previous findings [46] . Percentages of plasma membrane intact sperm after return to isotonic medium were highest with HES and decreased when sperm were exposed to more severe osmotic stress conditions (i.e., high concentrations of SUC). A combination of HES and GLY resulted in only slightly lower post-thaw motility rates than the standard cryopreservation procedure for stallion sperm, whereas motility rates were similar when EY was included. However, post-thaw percentages of plasma membrane intact sperm both for sperm maintained in extender as well as after dilution in isotonic buffer increased 9%-14% for sperm cryopreserved with HES. Increased percentages of sperm that survive post-thaw hypotonic stress would allow using lower insemination doses.
Cryoprotective agents decrease the initial rate of membrane dehydration during freezing but increase the total extent of dehydration. Our findings that cryoprotectants lower the activation energy for subzero water transport is in good agreement with previous findings [23, 41, 44] . In addition, we found that none of the cryoprotectants that were tested can prevent freezing-induced fluid-to-gel membrane phase changes. The tightly packed gel phase formed upon extracellular ice formation is caused by removal of water from the phospholipid head groups [20, 21] . This implies that cryoprotectants do not replace water molecules interacting with the phospholipid head groups upon freezing, as previously proposed [26] [27] [28] , nor do they facilitate entrapment of water around the phospholipid head groups [24, 25] . In contrast, cryoprotective agents allow dehydration to continue down to low subzero temperatures where water transport processes otherwise do not take place.
FIG. 7.
Representative heat flow versus temperature curves for freezing extenders composed of various cryoprotective agents, as determined using DSC with a scan rate of 208C min À1 while heating the sample from À1408C to 208C. The different traces illustrate glass-forming properties of skim milk extender (INRA82) with and without 2% EY, as well as skim milk extender supplemented with EY and 2.5% GLY, 7.5% SUC, or 7.5% HES, or both GLY and HES. The values of the glass transition temperature of the maximally freeze-concentrated solution, T g ', and the difference in heat capacity between the liquid and the glassy state, DC p , are shown in the figure.
OSMOTIC STRESS AND MEMBRANE STABILIZATION IN SPERM
This allows more time for cells to respond osmotically during extracellular ice formation and thereby avoid intracellular ice formation [23] .
EY is still widely used in sperm freezing extenders. Its use, however, is undesirable because it is a component of animal origin and bears the potential risk of contamination of artificial insemination doses [47, 48] . EY neither affects glassy state properties nor stabilizes liposomal model membranes during freezing and thawing. The protective effects of EY can likely be attributed to lipid and cholesterol transfer processes between EY lipids and sperm membrane lipids [49] and/or free radical scavenging properties [50] .
Taken together, cryosurvival rates of sperm can be increased by combining different cryoprotectants with different protective functions. Membrane-permeable cryoprotective agents stabilize membranes and modulate the rate of cellular dehydration and incidence of intracellular ice formation, whereas di-and polysaccharides increase the glass transition temperature and facilitate preservation in a more stable glassy matrix for storage and handling at higher subzero temperatures.
